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TITLE OF THE INVENTION 
ON-LINE LIQUID SAMPLE DEPOSITION INTERFACE 
FOR MATRIX ASSISTED LASER DESORPTION 
lONIZATION-TIME OF FLIGHT (MALDI-TOF) 
MASS SPECTROSCOPY 

CROSS REFERENCE TO RELATED APPLICATIONS 
This application claims priority from provisional patent 
application serialnumber 60/047,489, filed May 23, 1997, and 
entitled, "On-Line Coupling of Liquid Phase Samples to Mass 
spectroscopy by Matrix Assisted Laser Desorption Ionization 
(MALDI)," the whole of which is hereby incorporated by 
reference herein. 

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH OR 

DEVELOPMENT 

Part of the work leading to this inventioA was carried 
out with United States Government support provided under a 
grant from the National Institute of Health, Grant No. NIH 
(GM15847) . Therefore, the U.S. Government has certain rights 
in this invention. 

BACKGROUND OF THE INVENTION 
' one of the most important challenges facing analytical 
chemistry today is analysis of biological samples. A 
successful technique should handle an immense number of 
samples in a short time and be compatible with existing 
liquid-phase chemical and separation techniques. 

One of the most useful analytical methods for biologi- 
cal samples is mass spectroscopy. Liquid samples can be 
introduced into a mass spectrometer by electrospray ioniza- 
tion (1), a process that creates multiple charged ions. 
However, multiple ions can result in complex spectra and 
reduced sensitivity. A more preferred technique, matrix- 
assisted laser desorption time-of -flight mass spectrometry 
(MALDI-TOF MS) (2), has received prominence in analysis of 
biological polymers for its excellent characteristics, such 
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as ease of sample preparation, predominance of singly charged 
ions in mass spectra, sensitivity and high speed. In 
principle, a mixture of analytes with excess matrix is 
deposited onto a probe and irradiated by a short laser pulse. 
Matrix molecules, which absorb most of the laser energy, 
transfer that energy to analyte molecules to vaporize and 
ionize them. Once created, the analyte ions are analyzed in 
mass spectrometer, typically a TOP mass spectrometer. 

MALDI is typically operated as an off-line ionization 
technique, where the sample, mixed with a suitable matrix, 
is deposited on the MALDI target to form dry mixed crystals 
and, subsequently, placed in the source chamber of the mass 
spectrometer. Although solid samples provide excellent 
results, the sample preparation and introduction into the 
vacuum chamber requires a significant amount of time. Even 
simultaneous introduction of several solid samples into a 
mass spectrometer or off-line coupling of liquid-phase 
separation techniques with a mass spectrometer do not use TOP 
mass spectrometer time efficiently. In addition, MALDI -MS' 
analysis typically requires finding the "sweet spot" on the 
sample target, so that a reasonable signal can be obtained 
(5,6). Although a motorized x-y stage may be incorporated 
for automated, searching for the spot providing the best 
spectrum, this procedure can be a time consuming step. 

To improve on these procedures, microf abricated targets 
have recently been developed for automated high throughput 
MALDI analysis (7,8). In these designs, pL - nL sample 
volumes can be deposited into a microf abricated well with 
dimensions similar to the spot size of the desorbing laser 
beam (-100 /xm diameter) . Thus, the whole sample spot can be 
irradiated and the search fpr the ''sweet spot" eliminated. 
Analysis of short oligonucleotides has been demonstrated with 
-3.3 s required to obtain a good signal to noise ratio for 
each sample spot (8) . Although the total analysis time, 
including the data storage, required 43 min, theoretically 
all 96 samples could be recorded in 330s. 
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While the miniaturization of the sample target 
simplifies the static MALDI analysis, on-line coupling would 
allow continuous analysis of liquid samples including direct 
sample infusion and the monitoring of chromatographic and 
electrophoretic separations. Compared to ESI, MALDI provides 
less complex spectra and, potentially, higher sensitivity. 
There have been numerous reports in the literature about the 
MALDI analysis of flowing liquid samples. In one 
arrangement, the sample components exiting a CE separation 
capillary were continuously deposited on a membrane presoaked 
with the matrix and analyzed after drying (9,10,11,12) . In 
other cases, the liquid samples were analyzed directly inside 
the mass spectrometer using a variety of matrices and 
interfaces. For example, a nebulizer interface was used for 
continuous sample and matrix introduction (13-19) . MALDI was 
then performed directly off rapidly dried droplets. In 
another design, a continuous probe, similar to a fast atom 
bombardment (FAB) (20) interface, was used for the analysis 
of a flowing sample stream with liquid matrix (21-24) . 
Glycerol was used to prevent freezing of the sample- Other 
attempts for liquid sample desorption were also made using 
fine dispersions of graphite particles (25, 26,27) and liquid 
matrices (2,28-40) instead of a more conventional matrices. 
More recently, an outlet of the capillary electrophoresis 
column was placed directly in the vacuum region of the TOP 
mass i^pectrometer (41) . The sample ions, eluting in a 
solution of CUCI2/ were desorbed by a laser irradiating the 
capillary end. On line spectra of short peptides separated 
by CE were recorded. Attempts to use ESI to introduce liquid 
sample directly to the evacuated source of a mass 
spectrometer have also been reported (42-44) . 

Although the above-listed examples show efforts to 
address various different problems related to the analysis 
of flowing liquid samples, currently there is no universal 
MALDI interface that would address the need for simple and 
sensitive analysis of minute sample amounts and, furthermore, 
that would permit simultaneous, on-line processing of 
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multiple samples. A generally useful procedure and a 
universal interface for continuous introduction of an 
individual or multiplexed liquid sample or samples into a 
time-of-flight mass spectrometer so that on-line MALDI-MS 
analysis can be carried out would be highly desirable. 

BRIEF SUMMARY OF THE INVENTION 
The invention is directed to a universal interface and 
sample load mechanism for continuous on-line liquid sample 
introduction directly to a mass spectrometer at 
subatmospheric pressure. Preferably, the liquid sample 
includes a matrix, either solid or liquid, for use in matrix- 
assisted- laser-desorption-ionization, most particularly in 
a time-of- flight mass spectrometer which can further promote 
throughput and utility of MALDI-TOF MS. In the method of the 
invention, the same samples and matrices, both solid and 
liquid, can be used as in conventional MALDI. In practice 
of the method of the invention, a solution of sample 
containing, e.g., peptide and matrix is infused directly into 
the source chamber of a mass spectrometer at subatmospheric 
pressure, deposited on a moving sample holder, such as a 
rotating quartz wheel, and desorbed by, e.g., a nitrogen 
laser. The system and method of the invention are 
particularly amenable to multiplexing, the parallel 
deposition of multiple samples, e.g., from a capillary array 
or microchip channels, with subsequent sequential desorption 
with a scanned laser beam. This format is particularly 
useful for high throughput MS analysis. 

Extremely rapid evaporation of solvent results in 
formation of a thin and narrow sample trace. This sample 
uniformity results in excellent spot-to-spot reproducibility 
and detection limits in the attomole range, or lower. The 
interface is suitable for rapid analysis of small sample 
amounts and allows on-line coupling of microcolumn separation 
techniques with mass spectrometers. 



wo 98/53308 



PCTAJS98/10537 



-5- 

BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWINGS 
Other features and advantages of the invention will be 
apparent from the following description of the preferred 
embodiments thereof and from the claims, taken in, conjunction 
with the accompanying drawings, in which: 

Fig. lA is a plan view of an on-line MALDI-TOF MS 
instrument incorporating a sample load mechanism for 
practicing the method of the invention; 

Fig. IB is a schematic partial side view of the sample 
load mechanism of the mass spectrometer of Fig. lA; 

Pig. 2A is a detail schematic view of Fig. IB showing 
the liquid deposition process on the rotating wheel within 
the vacuum of the mass spectrometer of Pig. lA; 

Pig. 2B and 2C are close up views of the liquid 
deposition process of Fig. 2A from a perpendicularly - cut 
capillary and a tipped capillary, respectively, along with 
the corresponding sample traces formed; 

Fig. 3A-3C are scanning electron micrographs of 
deposited MALDI sample, l/xM angiotensin III and 10 mM aCHCA 
in 50% (v/v) methanol. Preparation of MALDI san^le: {3A) 
dried droplet method, (SB) and (3C) trace of sample deposited 
at low pressure. SEM characteristics: acceleration voltage 
10 kV, sample tilt: 0°(A) and 60° (B,C); 

Fig. 4 shows ion gauge signals during deposition of 50% 
(v/v) methanol (trace A) and infusion of methanol (trace B) , 
50% (v/v) methanol (trace C) and 10% (v/v) methanol (trace 
D) . Rotation of Delrin wheel 1 rpm (trace A) . Beginning of 
sample infusion marked by *, the end by +; 

Fig. 5 is a schematic partial side view of an on-line 
CE - MALDI-TOF MS system for practicing the method of the 
invention; 

Fig. 6 shows normalized MALDI -MS spectra of bovine 
insulin with aCHCA matrix. Sample preparation: dried droplet 
(trace A) and vacuum deposition (trace B) ; 

Fig. 7 is a graph showing variations of angiotensin II, 
frag. 1-7 ion signal versus segment number. Mixed solution 
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of 1 txM peptide with 10 mM aCHCA deposited on the quartz 
. wheel at 0.33 rpm; 

Pig. 8 shows single shot MALDI mass spectra of a mixed 
solution of 1 fxM heptapeptide EDPFLRF with (trace A) 10 mM 
or (trace B) 1 mM aCHCA matrix deposited on the quartz wheel 
at 0.33 rpm/ 

Fig, 9 is a graph showing decay of angiotensin III (m/z ' 
= 932) signal with number of desorption laser shots applied 
to the same segment. Mixed solution of 1 /zM angiotensin III 
with 10 mM ofCHCA matrix in methanol deposited on the quartz 
wheel rotating at 0.33 rpm; 

Fig. 10 shows a single shot MALDI mass spectrum of 
heptapeptide EDPFLRF at a concentration of 0.1 fiM, 50 
attomole deposited on the desorption spot; 

Fig. 11 is a CE-UV electropherogram of angiotensin 
mixture (see Table 2) ; 

Fig. 12 is a 2-dimensional MALDI -MS electropherogram of 
angiotensin mixture (see Table 2) / and 

Fig. 13A is a plan view showing another embodiment of 
an on-line MALDI-TOF MS instrument for practicing the method 
of the invention. The rotation wheel sample receptor is 
oriented at 90 to the orientation of the wheel sample 
receptor of the embodiment of Fig. lA so that a cleaning beam 
29 can access the wheel in addition to desorption beam 28; 
and 

Fig. 13B is a bottom perspective view of the mass 
spectrometer of Fig.l3A showing multiple multiplexed infusion 
capillaries simultaneously depositing samples on the rotating 
wheel . 

DETAILED DESCRIPTION OF THE INVENTION 
A moving surface interface for universal MALDI analysis 
of flowing samples has now been developed. In use, the 
interface of the invention permits deposition of a liquid 
sample stream onto a moving surface inside the vacuum region 
of a mass spectrometer, and in particular, a time-of -flight 
mass spectrometer (TOF-MS instrument) . The design of the 
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interface permits easy handling of very small (submicroliter) 
sample volumes and minimizes sample losses both during 
handling and desorption. The interface and method of the 
invention take advantage of the significant experience 
available in the field of MALDI . 

As shown in Fig. lA, the two essential elements of a TOF 
mass spectrometer are the source chamber 5, within which is 
an acceleration (extraction) region 10, and the flight region 
20. The electric field in the acceleration region is given 
by the voltage difference between the repeller 12 and the 
acceleration plate 14. A second acceleration plate 16 and 
additional ion optics may also be used. ^ In a conventional 
instrument, ions formed at the probe tip 18 by MALDI are 
extracted towards the acceleration plate. Because of 
differences in their masses, different ions are accelerated 
to different velocities during their stay in the acceleration 
region. Thus, light ions move across the field-free (flight) 
region in a shorter time than do heavy ones. An ion signal 
from the detector is recorded as a function of time and can 
be transformed to a function of ion mass -to- charge ratio 
(mass spectrum) . The entire spectrum typically may be 
recorded in less than 100 ^s. Analysis of small molecules 
is even faster. Alternatively, ions may be created by simple 
laser desorption/ionization; i.e., no matrix has to be added. 

Referring now to Figs. lA and IB, as will be explained 
in more detail below, in the method of the invention, a 
liquid sample emerging from the probe tip 18 is deposited 
under vacuum onto a moving sample receptor, e.g., a rotating 
quartz wheel, directly in the source chamber of the mass 
spectrometer. The analyte, premixed with the suitable 
matrix, is deposited directly onto the quartz wheel 22 
through a narrow fused silica capillary 24. Typically, a 20 
Hm i.d. (150 fim o.d.) x 10 cm capillary is used resulting in 
sample flow rate of - 300 nl/min. At this flow rate, the 
sample immediately dries on the wheel, forming a continuous 
trace -40-60 /im wide and only few hundred nanometers thick. 
The wheel rotation then brings the sample trace towards a 
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slit 26 in the repeller plate 12, where it is irradiated and 
desorbed by the desorption nitrogen laser 28. 

Sample Deposition Process. In order to understand the 
deposition process of the invention (under vacuum) , 
experiments were initially performed in a small cylindrical 
vacuum cell. The deposition process could be observed 
visually, and any changes in conditions could easily be 
implemented. Deposition was carried out at a pressure of 1 
Torr, which condition was assumed to be similar to deposition 
lander high vacuum. A pressure of l Torr is significantly 
lower than the vapor pressure of common solvents at room 
temperature. Therefore, the solvent in liquid phase is far 
from equilibrium with the gaseous phase at 10'^ Torr as well 
as at 1 Torr, resulting in extremely fast evaporation of the 
solvent at either pressure range. 

Solutions of 10 mM methyl green in methanol, water or 
50% (v/v) methanol were deposited on a plastic wheel (either 
TEFLON® or the acetyl resin DELRIN®, DuPont) rotating at 
- 1 rpm. As can be seen in Figs. IB, 2A and 2B, the 
capillary 24 was bent at the wheel 22 to ensure good contact 
between the t;ip 30 and the wheel surface inside the source 
chamber 5. As can be seen in more detail in Fig. 2A, the tip 
30 of capillary 24 was tapered to prevent accumulation of 
deposited solution on the outer capillary wall and clogging 
of the capillary. The deposited dye trace on' a TEFLON wheel 
formed a series of stains rather than a uniform trace. On 
the other hand, a uniform trace of the dye was found when a 
DELRIN wheel was used. This result was likely due to the 
lower hydrophobicity of DELRIN relative to TEFLON, and 
perhaps due to the fact that the surface of DELRIN was not 
as polished. No spraying of the dye inside the chamber was 
observed, indicating that virtually all of the sample adhered 
to the wheel. 

In order to determine the liquid flow rate in the 
capillary, water was infused on the DELRIN wheel rotating at 
~1 rpm. A 6-cm portion of the outer protective polyimide 
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coating of the infusion capillary (20 /xm i.d.,, 150 /zm o,d., 
12 cm length) was removed on the column outside the vacuum 
chamber. A short plug of 10 mM aqueous methyl green solution 
was injected into the water stream, and the time that the 
5 color zone needed to pass over a 5.0 cm distance in the 

capillary was measured. The velocity of water in, the 
infusion capillary was determined to be 10.6 + 0.7 xm/s, and 
the corresponding flow rate was 200 ± 20 nL/min, The flow 
was also calculated from the Poiseuille equation, F = 

10 7rApr^/(877 I), where the pressure difference, Ap = 101 kPa; 

capillary radius, r = 10 /zm, viscosity at 25 ^C, 77 =: 0.89 
mPa.s and capillary length, I = 0.12 m. The theoretical 
value of the flow rate, 220 nL/min, was in excellent 
agreement with the measured value. The result also indicated 

15 that water evaporation cooled only the very end of the 

infusion capillary and that water in the capillary was at 
room temperature, 

Saxnple Morphology, The preparation of MALDI sample 

20 (mixture of analyte and matrix) is known to play an essential 

role in achieving optimal performance of MALDI-MS analysis. 
A number of different sample preparation techniques exist, 
which have been focused primarily on the improvement of 
sample homogeneity and hence reproducibility of MALDI 

25 analysis. In addition to the common dried droplet method 

(50,51), procedureis include slow growing of large crystals 
(6,52), preparation of microcrystalline matrix substrate by 
crushing matrix crystals (53) or by fast evaporation (54,55) , 
crystallization under a stream of nitrogen (56,57) , or under 

30 vacuum (58) , and other methods (59-61) . Deposition of nano- 

or picoliter volumes of samples (7,8,62) was also accompanied 
by fast evaporation of solvent generating smaller crystals 
of matrix. This latter result led to our selection of the 
deposition procedure for use in the method of the invention 

35 as it would permit the desorption laser to irradiate more 

crystals, leading to greater uniformity of signal. In 
addition, during fast evaporation, there is not enough time 



wo 98/53308 



PCT/US98/10537 



-10- 

for solutes to concentrate in the remnants of evaporating 
solvent, as typically occurs during the dried droplet method 
(50,51), which results in discrimination effects dependent 
on spot position (63,64). 

To confirm our choice of sample preparation technique, 
SEM analysis was first used to examine the morphology of 
MALDI sample prepared by the dried droplet method. One nL 
of a mixed solution of 1/zM angiotensin III and 10 tnM aCHCA 
in 50% (v/v) methanol was deposited on an aluminum sample 
holder and dried at room temperature under atmospheric 
pressure. As can be seen in Fig. 3A, this conventional 
preparation of MALDI sample yielded 3-4 /xm crystals scattered 
over area of 1.5 iim\ Similar size and shape of the aCHCA 
crystals were reported in literature (63) . 

Next, MALDI samples were prepared under vacuum according 
to the method of the invention. The same mixed solution as 
above of angiotensin III and aCHCA was deposited on short 
pieces of self-adhesive copper tape placed on a DELRIN wheel, 
which was rotating at a speed of 1.0 rpm in the evacuated 
cell. After deposition and release of the vacuum, the tape 
was removed from the wheel and placed on a sample holder for 
SEM. Referring to Pig. 3B, a smooth, 40 fim wide trace of 
MALDI sample was observed on the copper surface. It is 
important to note that with these dimensions, the desorption 
laser can irradiate all the deposited sample, because the 
desorption laser spot can be wider than the width of the 
trace. The subtle grooves perpendicular to the deposited 
trace, characteristic for the copper tape, can be seen below 
the deposited sample, indicating a very thin sample film. 
It can also be seen that the capillary tip scratched the 
copper and formed a groove in the middle of the trace. 
Assuming a rectangular profile of the 40 /xm wide trace, a 
flow rate of 300 nL/min and a matrix density of 1.2 g/cm^ 
the thickness of the sample film was estimated as - 70 nm. 
The sample, however, tended to accumulate at the edges, as 
can be seen in Fig. 3C, with the width of the mound of 1-2 
/xm and several hundreds nm in height. 
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Although the amount of sample was not distributed 
entirely evenly across the trace, it was distributed 
regularly along the trace and its morphology was uniform. 
The fine structure of the sample, film above the mound can be 
compared against bare copper surface. Fig. 3C. The size of 
the small features in the film structure was -40 nm; 100 
times smaller than the crystals of a conventional MALDI 
sample. The solvent evaporated and/or sublimated extremely 
rapidly in the vacuum, leaving an amorphous or 
microciystalline sample trace. 

The actual sample for on-line MALDI was prepared on an 
unpolished DELRIN or quartz wheel, whose properties, such as 
thermal conductivity or surface roughness, were different 
from those of copper. Nevertheless, the images of the trace 
deposited on the copper tape could yield useful information 
on the potential of sample deposition and crystallization in 
vacuum. The next step was to implement this sample 
preparation technique into a M7U:jDI-T0F mass spectrometer. 

Time-of -Plight Instrument. Although the preparation of 
sample for MALDI -MS by deposition in vacuum can be carried 
out off-line in a separate vacuum chamber, it is most 
preferably carried out on-line, i.e., in the source chamber 
of a mass spectrometer. So as to be able to introduce liquid 
directly into the source chamber of mass spectrometer and 
have greater flexibility in the design of the interface, we 
decided to built a mass spectrometer in house. 

High speed pumping was used for the construction of the 
system in order to maintain pressure sufficiently low during 
continuous infusion of solvents. A diffusion pump with a 
pumping speed higher than pumps typical in commercial mass 
spectrometers was chosen and found appropriate for the task. 
The large chamber and flight tube ensured fast evacuation 
speed, as well as sufficient space for modification of the 
sample loading mechanism. A liquid-nitrogen cryotrap also 
removed condensable vapors, such as water or methanol from 
the capillary outlet (pumping speed of 3000 L/s, as specified 
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by manufacturer) . The lowest pressure in the flight tube was 
5xl0-« Torr, with a usual pressure in the low lO"* Torr range 
during the deposition of the solvent. It is also possible 
to remove vapors of the solvent from the spectrometer by 
differential pumping or use of a refrigerated trap. This 
would permit reducing the requirements on the pumping speed 
of the high- vacuum pump (such as a diffusion or 
turbomolecular pump) . in the case of differential pumping, 
most vapors would be removed by rough pumping at the 
deposition region (pressures in the mTorr range or, at the 
most, 1-10 Torr) and the dry sample would be transported 
to the desorption region, which would be kept at high vacuum, 
typically lO"' - lO'' Torr. This use of differential pumping 
is similar in concept to the moving belt interface disclosed 
in U.S. Pat. No. 4,055,987, in which deposition occurred at 
atmospheric pressure. However, in the method of the 
invention, deposition takes place at sxibatmospheric pressure, 
which reduces the requirements on the pumping system. 

Saxnple Deposition with MALDI-TOP MS Interface. On-line 
deposition of MALDI sample directly in the source chamber of 
the mass spectrometer was examined and compared with direct 
infusion into the vacuum. The role of the deposition wheel 
and its appropriate rotation velocity were observed, and the 
life expectancy of the infusion capillary (robustness of this 
sample introduction method) were estimated. 

All the following experiments were carried out directly 
in the source chamber 5 of the TOF MS, as shown in Fig. l. 
The process of infusion and deposition of a solution could 
be conveniently monitored via pressure measurement using an 
ion gauge. Although the ion gauge was calibrated with air, 
the sensitivity of the gauge is dependent on the ionization 
efficiency of gas in the system. Because the relative 
ionization efficiencies of methanol (1.85) and water (1.12) 
,are higher than that of air (1.00), readout of the ion gauge 
would include a positive error during infusion of the 
solvents . Since the composition of the background gas in the 
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chamber varied during the experiment, the ionization 
efficiency of the gaseous mixture was not precisely known, 
therefore, the ion gauge signal was plotted in volts, as 
measured, and not converted to pressure. Nevertheless, an 
increase of ion gauge voltage is related to an increase of 
pressure, e.g. an increase of IV would correspond to a 10- 
fold increase of pressure at constant composition of 
background gas. Pressure values given below were estimated 
from the ion gauge signal if the composition of background 
gas in the chamber was known. 

Infusion and deposition of 50% (v/v) methanol on the 
quartz wheel (0.5 rpm) resulted in a change of the signal of 
the ion gauge, as can be seen in trace A of Pig. 4. First, 
only air flowed through the capillary, and equilibrium 
between the air infusion and pumping of the diffusion pump 
yielded a pressure of 3 x 10'" Torr. A microvial with 50% 
(v/v) methanol was placed at the capillary inlet at the time 
marked with the asterisk. The pressure dropped below 2 x 10''' 
Torr within a second as the air from the capillary was sucked 
into the chamber during this period. Next, as the solvent 
filled the capillary, neither air nor the solvent eluted from 
the capillary outlet, pressure thus remaining low. When the 
solvent reached the capillary outlet, the liquid was 
deposited on the wheel as a thin film. Evaporation of the 
solvent from the thin film and the tip was extremely fast, 
as evidenced by a sharp increase in the ion gauge signal. 
In short order, the rate of infused solvent equaled the rate 
of methanol that evaporated. Adsorption of the solvent 
molecules on the walls of the mass spectrometer also reached 
equilibrium after several seconds, resulting in a pressure 
plateau (- 2 x 10"^ Torr) . 

The microvial with 50% (v/v) methanol was then removed 
from the capillary inlet at the time marked with the cross. 
Air began to flow into capillary, and the flow of solvent 
increased as the length of the solvent plug in the capillary 
shortened. This increasing liquid flow resulted in a 
pressure spike (< 10'^ Torr) . Finally, when all the solvent 
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was removed, air began to flow into the chamber again, and 
the pressure slowly returned to its original value. This 
latter process was relatively long, presumably because of 
slow desorption of the solvent from the walls of the mass 
spectrometer. Similar pressure behavior was observed for 
methanol, 10% (v/v) methanol and water (data not shown). 

It is interesting to compare the deposition process with 
straight liquid infusion into the vacuum (traces B - D in 
Fig. 4), when the capillary tip did not touch the wheel. 
Infusion of pure methanol caused pressure to increase 
initially and then to drop somewhat later (Fig. 4, trace B) . 
However, formation of a small droplet was observed at the 
capillary outlet, diminishing the methanol surface to volume 
ratio and slowing its evaporation. Evaporation of methanol 
did not reduce the temperature below its freezing point (-94 
"^O , so the flow was not interrupted. Partial freezing was 
assumed when 50% (v/v) methanol was infused, as evidenced by 
a drop in pressure due to an interruption of the infusion 
process (Fig. 4, trace C) . After the plug melted, the flow 
was resumed. This cycle repeated several times, causing 
pressure oscillations. Complete freezing with occasional 
flow resulted from the infusion of 10% (v/v) methanol or 
water (Fig. 4, trace D) . These results were expected based 
on the reported studies of others (42,43) . 

It can be concluded from the results shown in Fig. 4 
that the rotating wheel 22 has two important functions. 
First, as can be seen in Fig. 2C, it prevents accumulation 
of the solvent at the capillary outlet by transporting the 
liquid away from the tip. In this regard, it was also found 
that the capillary end had to be tapered, e.g., by grinding, 
pulling or etching, because, as indicated in Fig. 2B, 
evaporation from a solvent droplet 23 hanging on the 
capillary wall cooled the capillary, causing clogging. 
Formation of a droplet would also mean increased dead volume 
and resultant band broadening. In addition, referring again 
to Figs. 2B and 2C, it was found that the width of the 
deposited trace was roughly proportional to the o.d. of the 
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tip. For exanple, as can be seen in Fig. 2C, the width of 
a sample trace deposited with a tapered capillary (20 im 
i.d., 150 nm o.d., 40-60 /zra tip o.d.) was 40-60 /xm, compared 
to approximately 200 /zm wide san^le trace deposited from the 
same perpendicularly-cut capillary (Fig. 2B) . Second, the 
wheel, which was at room temperature, acted as a heat 
reservoir preventing the solvent in the capillary outlet from 
freezing. Energy necessary for evaporation and/or 
sublimation of the solvent was taken from the wheel as well 
as from the liquid solvent. Therefore, no additional heating 
element was necessary in contrast to other designs (21-24, 
42) . The solvent formed a very thin layer on the surface of 
the wheel making evaporation and/or sublimation fast and 
even. This led to thin microcrystalline or amorphous sample 
films, as shown in Figs. 3A-3C. Finally, the capillary tube 
24 was bent so that the capillary tip 30 pressed the wheel 
gently, and good contact between the tip and the wheel was 
maintained . 

Additionally, the wheel, made of a nonconductive 
material, insulated the electrodes inside the mass 
spectrometer from the outer system. Alternatively, if 
desired, a conductive metal wheel, made, e.g., of aluminium 
or stainless steel, may be used so that the capillary tip 
would be connected electrically to the wheel. This 
configuration may be useful in studies of arcing. 
Furthermore, separation of the sample deposition region from 
the sample desorption region, as a result of mechanical 
transport of the sample, was advantageous. The solvent, 
which evaporated at the deposition region, did not contribute 
to local overpressure at the laser desorption spot. No 
electrical discharge at the deposition region was thus 
observed due to elevated local pressure. in addition, 
separation of the two regions can allow implementation of a 
differential pumping scheme, in which the deposition region 
would be maintained under rough vacuum, at subatmospheric 
pressures of about 1 Torr or less. Another possibility would 
be to enclose the deposition region by a small refrigerated 
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trap, which would remove the solvent molecules. Frozen 
solvent could be released from the trap by heating when the 
instrument was not used. 

Washing the infusion capillary with pure methanol 
between experiments was found to prolong life of the 
capillary. Methanol likely dissolved ice crystals and other 
material, such as possible matrix, adsorbed on the tube 
walls. Filtration of solvents was also found to be useful, 
as expected. A single capillary (20 fim i.d., 150 /zm o.d., 
12 cm length) could thus be employed for several days of 
infusion/ deposit ion. In addition, the capillary, left in the 
spectrometer overnight with inlet exposed to air, did not 
clog during several months. 

Analyte Utilization. Proper irradiation of sample is 
essential for obtaining good spectra in MALDI analysis. The 
entire sample trace area traveling through the desorption 
region should be irradiated by the desorption laser in order 
to reach 100%-duty cycle and hence the highest sensitivity. 
A nitrogen laser is preferred for MALDI analysis. However, 
use of any type of laser would be possible. A single step 
of the motor was calculated to expose to the desorption laser 
a segment portion of sample trace that was 87 fxm long and 40 

- 60 /xm wide. The actual dimensions of the laser desorption 
spot were measured to be roughly 100 x 100 /xm. The power 
density in the laser desorption spot of 500 MW/cm^ would be 
achieved by 200 /xJ, 4 ns pulse of the nitrogen laser, 
assuming no optical losses. Referring to Fig. lA, window 42 
and lens 44 absorbance, mirror 46 reflectance and non- ideal 
beam shape of the laser should account for up to 50% 
attenuation of the laser beam. Since the available 
desorption power density was still well above 1-10 MW/cm^ 
necessary for MT^DI experiments (2, 65), a neutral density 
filter was used to adjust the desorption power density to 10 

- 20% above the threshold of the desorption power density. 

The range of rotation speed of the wheel 22 given by the 
stepper motor 48 was 0-12 rpm; however, the usable range 
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of rotation speed was narrower. Clogging of the capillary 
with frozen solvent and solutes was possible at low speeds, 
e.g. below - 0.1 rpm. On the other hand, the desorption 
laser could not irradiate all the sample at high rotation 
speed, because some segments of the trace would pass the slit 
in the repeller between laser shots. This means that the 
number of steps of the motor per second should not be higher 
than the maximum repetition rate of the laser (30 Hz) . 
Defocusing the laser in order to irradiate a larger area of 
the sample trace, corresponding to several steps of the motor 
is not desirable in some cases. For example, if eluent from 
a separation column is deposited on the wheel, a large laser 
desorption spot could reduce resolution of the separation 
method. As will be shown later, several shots {10 - 50) of 
the desorption laser should generally be applied to each 87 
lim long segment on the sample trace to analyze more of the 
deposited sample. 

The ratio between the velocity at which analytes enter 
the capillary and the circumference velocity of the wheel 
provides a potential means of concentration of the analytes 
infusing either directly or after separation. When a 
separation column is coupled to the infusion capillary by 
means of a liquid junction, the concentration factor of a 
given analyte is equal to the ratio of the velocity with 
which the analyte would exit the separation column and the 
circumference velocity of the wheel. Variation of the 
rotation velocity of the wheel could change the concentration 
factor for different compounds during an analysis. For 
example, broader peaks of slower migrating compounds could 
be focused by gradual deceleration of the wheel rotation 
during CE analysis. In practice, in on-line coupling of a 
separation method, the concentration factor may be decreased 
because of analyte losses in the liquid junction. Some 
characteristics of the sample infusion/deposition are shown 
in Table 1. Even at the lowest rotation speed of the wheel, 
0.17 rpm, the number of laser shots per segment of the trace 
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was 6 at maximum repetition rate of the laser. In order to 
apply more shots to each segment and to use more sample to 
obtain a better signal-to-noise ratio, a laser with a higher 
repetition rate would be needed or the rotation speed of the 
wheel would be lowered after the deposition finished. 



Table 1. 

Calculated Deposition Characteristics 
of Ac[ueous Solutions. 



Frequency of 
Motor Steps 
(Hz) 


Rotation 
Speed 
(rpm) 


Number of Laser 
Pulses per Segment 
at 30 Hz Laser 
Repetition Rate 


Concentration 
Factor for 
Infusion via 

20 /im i.d. 
Capillary 


5 


0.17 


6 


24 


10 


0.33 


3 


12 


15 


0.50 


2 


8 


30 


1.00 


1 


4 



Plow Rate « 200 nL/min. 



It was found to be desirable to clean the wheel after 
each experiment to remove remnants of the sample. After the 
source chamber was brought to atmospheric pressure, the probe 
was pulled out, and a cotton tip applicator soaked with 
methanol was used to clean the wheel rotating at high speed 
(>10 rpm) . The entire cleaning procedure including 
subsequent evacuation took less than five minutes. On-line 
cleaning of the wheel will be necessary in order to use the 
interface for a long continuous analysis or for multiple 
analyses . 

MATERIALS AND METHODS 

Mass Spectrometer, Referring to Fig. lA, a linear 
Wiley-McLaren type TOF mass spectrometer (46) with aim long 
drift region was constructed. The 20 cm cubic source chamber 
5, sample load mechanism, acceleration optics, 10 cm diameter 
flight tube 20 and detector 19 were purchased from R, M. 
Jordan Co., Grass Valley, CA. Original sample load mechanism 
was used only to analyze conventional MALDI samples (prepared 
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by dried droplet method) . The distances between the repeller 
plate 12 and the first grid 14 and between the first 14 and 
the second 16 grids were each 12.7 mm. Ion transmission for 
each of the two grids, which were grounded, was 90%. The 
voltage on the repeller plate (+15 kV) was controlled by a 
power supply (Model CZE1000R/X2263, Spellman, Hauppauge, NY) . 
A 40 mm dual microchannel plate (MCP) with extended dynamic 
range (Galileo, Sturbridge, MA) served as ion detector. The 
ion transmission of the detector input grid was 82%, leading 
to a total ion transmission of the three grids of 66%. 

The instrument was evacuated by a diffusion pump 
(Model VHS-6, Varian, Lexington, MA) with a maximum pumping 
speed of 2,400 L/s. A refrigerated recirculator (Model CFT- 
75Neslab, Portsmouth, NH) was used to cool the diffusion 
pump. Oil contamination of the mass spectrometer was 
prevented by a cryotrap (Model 326-6, Varian) and an 
electropneumatic gate valve (Model GV-8000V-ASA-P, MDC, 
Hawyard, CA) . The diffusion pump was backed by a two-stage 
mechanical pump (Model Pascal 2 015, Alcatel, Annecy, France) 
equipped with a molecular seive trap (Model KMST-'150-2, MDC) . 
A vacuum controller (Model 307) with two convectron gauges 
and two ion gauges was purchased from Granvill- Philips, 
Boulder, CO. The convectrons were located in the foreline 
and. in the source chamber, and the working ion gauge was in 
the detector region. A laboratory-built TOP MS controller 
operated the diffusion pump, electropneumatic gate and HV 
power supplies. The controller protected the instrument and 
its components from damage due to an accidental pressure 
increase or a cooling malfunction. It also contained the 
voltage supply for the MCP detector. 

A 337 nm, 30 Hz nitrogen laser (Model VSL-337ND-S, 
Laser Science, Franklin, MA) was used for MALDI . The laser 
beam was attenuated with a stepped neutral density filter 21 
(Edmund Scientific, Harrington, NJ) and focused with a quartz 
lens 44 on the sample target. The angle of incidence of the 
desorption beam (defined by the beam and the flight axis) was 
60^ 
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On-Line MALDI-TOP MS Interface-. Initial experiments 
were performed in a small cylindrical vacuum cell made of 
polycarbonate. The basic arrangement was quite similar to 
the actual interface described below. Solutions of methyl 
green were deposited on an acetal resin (DELRIN, DuPont de 
Nemour, Wilmington, DE) wheel propelled by a 3V DC motor. 
The small cell did not contain high voltage electrodes 
because it was designed only for monitoring of the deposition 
process. The cell was evacuated by a mechanical pump (Model 
DD 20, Precision Scientific, Chicago, IL) . 

Referring again to Figs. lA and IB, for the actual on- 
line MALDI-TOF MS instrument, a mixed solution of analyte and 
matrix was deposited via a fused silica capillary 24 
(Polymicro Technologies, Phoenix, AR) , 20 /xm i.d., 150 ^m 

0. d. and 12.0 cm in length, on a quartz wheel 22 (Optikos, 
Cambridge, MA) . The capillary was accommodated in a probe 
18 made of a stainless steel tube, 9.53 mm o.d., 6.7 mm i.d., 
7 cm length. A pipe adapter with a PEEK ferrule, 0.4 mm 

1. d., was attached to the outer (atmospheric) side of the 
tube, and a DELRIN cap with a center hole, 0.25 mm i.d,, 
covered the inner (vacuum) side of the tube. The probe was 
inserted into the source chamber via quick coupling, 9.53 mm 
i.d., in the center of the interface flange to the point that 
the end of the capillary was slightly bent while touching the 
wheel. The outlet of the capillary was tapered, using fine 
sandpaper. The diameter of the quartz wheel was 5.0 cm and 
the thickness 1.0 cm; the perimeter surface of the wheel was 
unpolished. The wheel, which was perfectly balanced on a 
stainless steel shaft, was propelled by a geared stepper 
motor 48 (Model ABS, Hurst, Princeton, IN), with rotation 
speeds ranging from 0 to 12 rpm and 1800 steps for 1 full 
rotation . 

The original repeller plate (R. M. Jordan Co.) with a 
center hole for the sample probe was used only for initial 
analysis of conventional MALDI samples; modification of the 
repeller plate was required to incorporate the wheel. 
Referring to Fig. 2A, a rectangular hole of 12 x 30 mm was 
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cut in the center of the plate and two pieces 52 of stainless 
steel foil (25 x 25 x 0.05 mm) were glued to the repeller 
plate 12 with a conductive glue 54 to create a slit (12 x 0.2 
mm) 56 in the center of the plate. The pieces of the foil 
were glued to the repeller plate at the ends opposite to the 
slit so that they remained flexible. The distance of the 
wheel from the interface flange was adjusted such that the 
wheel was gently touching the stainless steel foil. 

Scanning Electron Microscopy (SEM) . Sample morphology 
was studied on a scanning electron microscope (Model AMR 
100 0, Amray, Bedford, MA) . The sample was sputtercoated with 
gold/palladium (60/40) in a aputtercoater (Model Samsputter 
2a, Tousimis, Rockville, MD) . Under the coating protocol, 
the thickness of the metal coating was estimated to be 10 - 
15 nm. 

Experiment Control and Data Acquisition. A digital 
delay generator (Model 9650A, EG&G, Princeton, NJ) triggered 
the desorption laser as well as a laboratory- built digital 
divider. The output of the divider drove the stepper motor 
controller (Model EPCOl, Hurst) for precise synchronization 
of the rotation of the wheel with the laser pulses. By 
setting the divider ratio, the number of laser pulses applied 
to each sample spot could be adjusted. The controller of the 
stepper motor was modified such that external pulses could 
be received to propel the motor and reset the controller 
counter. A 500 MHz, 1-Gs/s digital oscilloscope (Model 
9350AM, LeCroy, Chestnut Ridge, NY) allowed real time 
measurement and/or transfer of mass spectra to the computer. 
A conputer program, running under DOS, transferred multiple 
files from the oscilloscope to a PC via a GPIB interface. 
Approximately 50 single-shot mass spectra (each consisting 
of 2000 data points) could be transferred to the computer 
memory in one second. 
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Capillary Electrophoresis. Capillary electrophoresis 
was performed using 75 /xm i.d. and 375 fim o.d. fused silica 
capillaries (Polymicro Technologies) coated with 
polyvinylalcohol (47) to eliminate electroosmotic flow, with 
10 mM solution of citric acid (electrophoresis grade, 
Schwarz/Mann Biotech, Cleveland, OH) as running buffer. 
Electrophoresis was driven at 500 V/cm by a high voltage 
power supply (Model PS/EH30, Glassman, Whitehouse Station, 
NJ) . The sample was injected from unbuffered solution either 
by electromigration at 50 V/cm or by pressure at 250 Pa. For 
UV-detection, the total length of the capillary was 15 cm and 
the effective length 10, cm. Absorbance at 220 nm from a CE 
detector (Model Spectra 100, Spectra Physics) was recorded 
using Chrom Perfect (Justice Innovations, Mountain View, CA) . 

Referring to Fig. 5, for on-line MALDI-TOF MS, the 
separation capillary (10 cm length) 32 was connected to a 
liquid junction (48, 49) 34 made of polycarbonate, which 
contained 10 mM of aCHCA matrix as cathodic buffer. PEEK 
liners 62 (Model FS1L.15 PK and FS1L.4PK, Valco Instruments 
Co., Houston, TX) were inserted into holes in the 
polycarbonate liquid junction block 34 to center the 
separation and infusion capillaries precisely, with a gap of 
approximately 100 /im. The sample was initially injected into 
the separation capillary, and the stepper motor was activated 
(0.33 rpm) within 5 seconds. 

Chemicals. Methyl green (Sigma Chemical Co., St. 
Louis, MO) solutions in methanol and distilled water were 
initially used to explore deposition in a vacuum, af-cyano-4- 
hydroxycinnaraic acid (aCHCA) , 2 , 5-dihydroxybenzoic acid, 4- 
hydroxy-3-methoxycinnamic (ferulic) acid (all from Sigma 
Chemical Co.) , and 3-hydroxypicolinic acid (Aldrich Chemical, 
Milwaukee, WI) were used as matrices for MALDI, each 
consisting. of 0.1 M stock solutions in 50% (v/v) methanol. 
Angiotensins, angiotensinogens (see Table 1), heptapeptide 
EDPFLRF and bovine insulin (BI) were purchased from Sigma 
Chemical Co and made as Img/mL. stock solutions in water. One 
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rriM stock solution of BI was prepared by dissolving in 0.1% 
trifluoroacetic acid (J.T. Baker Inc., Phillipsburg, NJ) . 
Methanol, ethanol and acetonitrile (all HPLC grade) were 
purchased from Fisher Scientific, Fair Lawn, NJ. 

The following examples are presented to illustrate the 
advantages of the present invention and to assist one of 
ordinary skill in making and using the same. These examples 
are not intended in any way otherwise to limit the scope of 
the disclosure. 

EXAMPLE I 
On-line MALDI Performance 

The performance of the new interface was tested using 
several oligopeptides with aCHCA as matrix. Off-line MALDI- 
MS analysis was carried out using the original sample load 
probe and the repeller. The average of 100 spectra, shown 
in Fig. 6, trace A, was obtained from a spot on a dried 
droplet sample of 100 /zM bovine insulin and 100 mM aCHCA 
solution in a mixed solvent (acetonitrile : ethanol : water = 
36:60:4) deposited on a stainless steel probe tip. For the 
on-line approach, 1 /xM bovine insulin with 10 mM aCHCA 
aqueous solution was deposited for about 30 seconds on the 
wheel rotating at 0.33 rpm. In this case, the averaged 
spectrum was obtained from 100 single shot spectra from 50 
segments of the trace, i.e., 2 shots were applied to each 
segment (Fig. 6, trace B) . MALDI spectra of samples of 
bovine insulin with ofCHCA matrix prepared conventionally and 
by vacuum deposition appeared very similar. Mass resolution 
of the insulin peak in the case of the vacuum deposited 
sample was comparable with the value obtained with the 
original repeller. Improved manufacturing of the repeller 
plate and incorporation of time-lag focusing should further 
enhance the resolution. With the use of time-lag focusing, 
the ions could be accelerated in a more homogeneous 
electrical field after they travel away from the slit. On- 
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line MALDI spectra of angiotensins and other small peptides 
with aCHCA matrix were also obtained. 

Uniformity of the sample trace over the circumference 
of the wheel, proper balancing of the wheel and overall 
ruggedness of the interface are prerequisites for good 
reproducibility of MALDI spectra, especially with on-line 
coupling a separation method. In order to determine the 
variations of MALDI spectra along the trace, a mixed solution 
of 1 fiM angiotensin II, frag. 1-7, and 10 mM aCHCA matrix was 
deposited on the quartz wheel rotating at 0.33 rpm. The 
deposition was interrupted after approximately 1 minute, and 
1000 single shot spectra were collected at a laser repetition 
rate of 20 Hz and a rotation speed 0.066, i.e., 10 shots per 
segment, within 50 seconds. The average of 10 single shot 
spectra from each of 100 segments was calculated using a PC, 
and peak areas corresponding to the analyte ion (m/z = 900) 
in the averaged spectra were plotted vs. segment number, as 
shown in Fig. 7. Although the variations in the signal were 
± 18%, the ion signal of the peptide was much more constant 
than the same signal obtained from a conventional MALDI 
sample. In addition, the peptide peak was present in every 
single shot spectrum. These results stem from proper 
alignment of the laser beam with the laser desorption spot 
so as to encompass the entire segment of the uniform sample 
trace. In the method of the invention, no search for **sweet 
spots" is necessary after the initial alignment of the 
desorption laser beam. In contrast, some spots of a 
conventional MALDI sample yield no signal at all, and 
localization of the ^^sweet spot" on the sample sometimes 
requires a significant amount of time. Further improvement 
of signal fluctuations can be achieved using an internal 
standard. 

EXAMPLE II 
Effect of various matrices 

A variety of typical matrices were examined with 

peptide samples. An important advantage of the on-line 
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interface of the invention is that* it can use the same 
matrices that have been already developed for MMjDI and it 
is not restricted to the liquid matrices. Conventional 
matrices, such as a-cyano-4-hydroxycinnamic acid, 2,5- 
dihydroxybenzoic acid, 4-hydroxy-3-methoxycinnamic (ferulic) 
acid and 3-hydroxypicolinic acid were successfully tested 
with peptide samples (results not shown) . 

The effect of the matrix- to -analyte ratio (66) and the 
presence of alkali metal deserve additional discussion. To 
study the effects of matrix-to-analyte ratio, a mixed 
methanol ic solution of 1 fiM heptapeptide EDPFLRF with 1, 10 
or 100 mM QiCHCA was deposited on the quartz wheel at 0.33 
rpm. It was found that saturated or very concentrated 
solutions of matrices, such as 100 mM aCHCA solution used in 
conventional sample preparation, can cause clogging of the 
capillary. In addition, a very high matrix-to-analyte ratio 
means thicker sample trace and dilution of the analyte in the 
matrix. Therefore, use of the matrix solutions at 
concentrations higher than approximately 10 mM is not 
recommended for use in our on-line system. The matrix 
concentration should be reduced even further at very slow 
rotation speeds of the wheel, when the crystallizing matrix 
would be removed slowly and thus could accumulate at the 
capillary outlet. 

As shown in Fig. 8, trace A, a relatively large peak 
of analyte can be seen in a single shot MALDI mass spectrum 
at a matrix concentration of 10 mM. Presumably, it would be 
advantageous to use matrix at an even lower concentration 
when a thinner layer of the sample is formed and more analyte 
should be utilized with a single shot of the desorption 
laser. However, referring to Fig. 8, trace B only weak peaks 
associated with the analyte were observed at matrix 
concentration of 1 mM, although the matrix- to- analyte ratio 
was sufficient (1,000). 

The relative abundance of ions of alkali metal adducts 
with respect to the pseudomolecular ion of the peptide [M+H]* 
suggests an explanation for the low analyte signal at a 
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matrix concentration of 1 mM. Although the peaks of adduct 
ions, such as [M+Na]% [M+K]* and [M+2Na]*, were present in 
both spectra shown in Fig. 8, they are the prevailing form 
of analyte ion at lower matrix concentration. This effect 
is pronounced at low levels of matrix because alkali metals 
compete with protons from matrix and suppress formation of 
the protonized form of analyte. There were several possible 
sources of the alkali metal contamination: peptide, matrix, 
solvents, the walls of the infusion capillary and wheel. As 
found later in the CE-MALDI-MS experiment, most of the alkali 
metals originated from the peptide sample. On-line desalting 
is essential in order to obtain good quality MALDI mass 
spectra. 

EXAMPLE III 
Signal decay 

In order to determine how many shots of the desorption 
laser will produce optimal mass spectra, a mixed solution of 
1 /xM angiotensin III with 10 mM aCHCA matrix in methanol was 
deposited on the quartz wheel rotating at 0.33 rpm. Infusion 
was interrupted after -30 seconds, and the wheel was rotated 
to transfer the saiiple trace to the desorption region. The 
desorption power density was adjusted ~ 20% above the 
threshold, and 100 shots were applied consecutively to each 
of 3 neighbor segments on the sample trace. The peak areas 
corresponding to the analyte ion (m/z = 932) were calculated 
from 100 average spectra (each spectrum was an average of 3 
single shot spectra from the 3 segments of the trace) and 
plotted versus the number of desorption laser shots, as shown 
in Fig. 8. The first laser shot was found to produce a lower 
ion signal from the analyte than the next nine laser shots. 
This result, together with a difference in mass spectra in 
the low-mass region (not shown) , suggests some chemical and 
physical changes (melting & solidifying) occurring on the 
sample surface. This behavior of the first shot was 
variable however, since for some samples, the intensity of 
the ion signal of the analyte produced by the first shot was 
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similar to that of the consecutive shots. Similar phenomena 
can also be observed in conventional MALDI (67) . 

As can be seen in Fig. 9, the ion signal of the 
analyte produced by the consecutive shots gradually decayed 
as'^ the sample was removed, with virtually all the sample 
depleted within 40 laser shots. The results suggest that - 
20 single shot spectra should be averaged to obtain the 
optimum signal-to-noise ratio in this case. Omitting of the 
first single shot spectrum is generally suggested. It should 
be pointed out that the number of spectra to be averaged 
depends on many factors, such as the analyte and matrix 
concentration and the desorption laser power density. Less 
spectra may be necessary when the amount of deposited sample 
is low or the desorption power density is higher. 

EXAMPLE IV 
Detection of minute amounts of sample 

MALDI -MS has already been shown to be a very sensitive 
method for determination of peptides (7,68). On-line 
deposition of sample offers additional advantages in sample 
handling over conventional techniques. Virtually all of the 
sample solution is transferred to the source chamber and 
accumulated on the wheel. The segment of the sample trace 
(given by the width of the trace and a single step of the 
wheel) is slightly smaller than the^ spot size of the 
desorption laser meaning all sample can be used. Several 
tens of laser shots should utilize all deposited sample 
because the sample layer is very thin. The interaction of 
matrix with analyte in solid and gaseous phase during the 
desorption and ionization should be promoted because the 
trace consists of well-mixed analyte and matrix. Once the 
desorption laser beam is properly aligned, the wheel can 
transport the sample to the desorption region and no "sweet" 
spot on the sample has to be found. 

Referring to Fig. 10, the level of detection possible 
with a single shot mass spectrum of 50 attomole of the 
heptapeptide EDPFLRF can be seen is very good. 
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EXAMPLE V 
CE-MALDI-MS 

The on-line vacuum deposition of mixed solutions of 
analytes and matrices offers a powerful approach to conduct 
separations coupled directly to MALDI-MS. In this 
experiment, CE-MALDI-MS of a mixture of 300-500 pg of each 
of 12 angiotensins listed in Table 2, was carried out. A 
liquid junction was used to connect the separation capillary 
to the infusion capillary of the interface. Analytes eluting 
from the separation capillary were mixed with solution of the 
MALDI matrix in the reservoir of the liquid junction and then 
drawn into the infusion capillary for deposition on the 
wheel . 
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Initially, conventional CE-UV (absorbance detection at 
220 nm) was examined. A 10 mM citric acid solution was 
selected as a running buffer for the separation of the 
angiotensins because the pK, and ion mobility of citric acid 
are similar to that of aCHCA, as estimated from the 
literature (69) (A 10 mM aCHCA solution in 50% (v/v) 
methanol will be used in the reservoir of the liquid junction 
for CE-MALDI-MS.) Angiotensins were injected by 

electromigration at 50V/ cm within 5 s from a 8.3 nq/mL (each) 
aqueous peptide mixed solution. The final amount-^ injected 
ranged from 300 to 500 pg. As shown in Fig. ii, only nine 
peaks were observed on the electropherogram. The distorted 
peak shape was caused by the injection of a relatively large 
amount of sample from an unbuffered solution in order to 
achieve a high response, given the drifting baseline, 
probably caused by impurities in the citric acid buffer. 

In another CE-UV experiment, a 10 mM aCHCA solution in 
50% methanol was placed in the detection reservoir to match 
the condition of CE-MALDI-MS with the liquid junction. In 
this case, UV absorption started to increase gradually in the 
middle of the run due to the migration of UV absorbing anions 
of aCHCA into the capillary without affecting separation 
significantly. 

In another e3q)eriment, aCHCA was used not only as the 
MALDI matrix but also as the electrolyte in the CE buffer. 
In this case, indirect detection at 335 nm was used for CE-UV 
of the angiotensin mixture because of the large ratio between 
absorption coefficients of matrix and peptides at this 
wavelength. A 10 mM aCHCA aqueous solution, employed as the 
CE buffer, strongly absorbed, which resulted in large 
baseline drifts. Nevertheless, a separation pattern similar 
to that in Fig. 10 was revealed by indirect detection. 
Furthermore, there were three additional peaks in the 
electropherogram due to faster metal cations. This result 
confirmed that CE separation of the peptides also included 
desalting of the sample. Although it was found that aCHCA 
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could serve as the electrolyte for CE, citric acid was used 
instead in CE to show that the conditions of CE separation 
are not restricted by requirements of MS detect jLon. 

For on-line CE-MALDI-MS detection, the infusion flow 
rate must be high enough to collect all analyte ions 
migrating out of the capillary (49) . In other words, the 
velocity of the infused solution has to be higher than the 
electromigration velocity of analyte migrating towards the 
cathode located in the liquid junction. The infusion flow 
of 50% (v/v) methanol was about 300 nL/min and most peptide 
ions were estimated to enter the infusion capillary. 

The capillary and the anodic reservoir were filled with 
10 mM citric acid solution and the cathodic reservoir in the 
liquid junction with 10 mM aCHCA solution in 50% (v/v) 
methanol. Angiotensins were injected by electromigration at 
50V/ cm within 5 s from a 8.3 /xg/mL (each) aqueous peptide 
mixed solution in the same quantities as in CE-UV. The 
stepper motor ran at 0.33 rpm and the laser repetition rate 
was adjusted to 20 Hz, i.e., 2 shots per segment. As shown 
in Fig. 12, all twelve peptides were resolved and identified 
on the 2D MS-electropherogram. Since the timing of the 
experiment was carried out manually, the migration time in 
CE-MALDI-MS was normalized to the peak 5 in CE-UV (migration 
time of 52.5 s) . This normalized time does not include the 
period needed for sample transport from the liquid junction 
to the desorption region (approximately 100 s) . Temporal 
half width of CE-MALDI-MS peaks was lower than those detected 
by UV, which means that broadening caused by the liquid 
junction, laminar flow, adsorption in the infusion capillary 
and deposition process is lower than the broadening caused 
by finite size of light beamwaist in the commercial UV 
detector. 
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EXAMPLE VI • 
Multiplex analysis of samples 

A sampling device such as a capillary array or microchip 
having several sample channels can be used for simultaneous 
introduction and high throughput analysis of multiple 
samples. As can be seen in Fig. 13B, an array of capillaries 
24 is used for simultaneous deposition of multiple sanples 
on rotating wheel 22. Here, the beam of the desorption laser 
28 is scanned in steps across the wheel to irradiate every 
sample sequentially. This approach can take full advantage 
of the high speed of a time-^of -flight mass spectrometer and 
use the high repetition rate of the desorption laser more 
efficiently than other configurations. 

It is also useful to have automated cleaning and removal 
of any sample remaining following the desorption step. A 
cleaning beam 29 can be provided, at a different orientation 
from that of the desorption laser, to accomplish this 
purpose. The cleaning beam can be an entirely separate laser 
from the desorption laser. Alternatively, as can be seen in 
Fig, 13A, a single laser beam can be split to perform both 
functions. As only about 5% of the energy of the nitrogen 
laser beam used in these examples is needed for desorption, 
the remaining energy of the beam can be used for the cleaning 
function. Cleaning can also be accomplished mechanically or 
through the use of heat. 
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OTHER EMBODIMENTS 

The mass spectrometer described herein was a time-of- 
f light mass spectrometer. This configuration is simple, very 
fast and particularly efficient in that it uses most of the 
desorbed ions to record the entire mass spectrum. Other mass 
spectrometers, such as a Fourier transform ion cyclotron 
resonance mass spectrometer, a quadruple mass spectrometer 
or an ion trap mass spectrometer can also be used. 
Furthermore, tandem systems, such as a quadrupole filter/TOF 
MS system, are particularly useful. The method of the 
invention also enables the use of other mass spectrometry 
techniques, such as MS-MS, which is particularly important 
for analysis of proteins. 

In summary, the particular advantages of the method of 
the invention are on-line coupling, very short analysis time, 
high throughput for a single sample, further increase of 
throughput by multiplexing (the simultaneous analysis of 
several samples) , high sensitivity and compatibility with 
existing time-of -flight focusing techniques. The potential 
of the technique can be usefully exploited, e.g., for 
sensitive analysis, trace analysis, analysis of both small 
and large molecules, DNA sequencing, mutation analysis, 
screening and on-stream analysis. 

While the present invention has been described in 
conjunction with a preferred embodiment, one of ordinary 
skill, after reading the foregoing specification, will be 
able to effect various changes, substitutions of equivalents, 
and other alterations to the compositions and methods set 
forth herein. It is therefore intended that the protection 
granted by Letters Patent hereon be limited only by the 
definitions contained in the appended claims and equivalents 
thereof . 
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CLAIMS 

What is claimed is: 

1. A method of introducing a sample into a mass 
spectrometer, said method comprising the steps of: 

providing a liquid sample; 

providing a mass spectrometer, the source chamber of 
said mass spectrometer being maintained at subatmospheric 
pressure, said source chamber comprising a movable sample 
receptor; 

introducing said sample through an infusion capillary 
into said source chamber; 

depositing said sample directly from said capillary onto 
a surface of said sample receptor; 

causing said surface to move so that said deposited 
sample is accessible to a desorption device spaced apart from 
said infusion capillary; and 

desorbing a portion of said deposited sample from said 
surface of said sample receptor, using said desorption 
device . 

2. The method of claim 1 wherein, in said depositing step, 
said sample is deposited continuously over a sampling 
interval . 

3. The method of claim 1 wherein, in said depositing step, 
said sample is deposited in discrete periods over a sampling 
interval . 

4. The method of claim 1 wherein, in said introducing step, 
said infusion capillary ends in a tapered tip, 

5 . The method of claim 1 wherein said liquid sample 
comprises matrix molecules for matrix assisted laser 
desorption ionization. 
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6. The method of claim 5 wherein said matrix molecules are 
solid. 

7. The method of claim 5 wherein said matrix molecules are 
liquid. 

8. The method of claim 1 wherein said sample receptor is 
selected from the group consisting of a wheel, a disk and a 
belt. 

9. The method of claim 1 wherein said sample receptor 
comprises a removable cassette. 

10. The method of claim 1 wherein multiple provided liquid 
15 samples ' are introduced simultaneously into said source 

chamber and deposited simultaneously directly onto a surface 
of said sample receptor. 

11. The method of claim 10 wherein said multiple liquid 
20 samples are introduced into said source chamber by means of 

a capillary array. 

12. The method of claim 10 wherein said multiple liquid 
samples are introduced into said source chamber by means of 

25 sample channels in a microf abricated device. 

13. The method of claim 10 wherein, in said desorbing step, 
said desorption device is a scanned laser beam and said 
multiple deposited samples are desorbed sequentially. 

30 

14. The method of claim 1 wherein said source chamber 
comprises two or more subchambers maintained at different 
subatmospheric pressures and wherein further said depositing 
and said desorbing steps take place in different subchambers 

35 of said source chamber. 
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15. The method of claim 1, further- comprising, following 
said desorbing step, causing said surface to move so that any 
remaining deposited sample is accessible to a cleaning 
device • 

16- The method of claim 15 wherein said cleaning device is 
selected from the group consisting of a laser, a mechanical 
device and a heat source. 

17. The method of claim 1 wherein said liquid sample is 
provided as output from a capillary electrophoresis device. 

18. ^The method of claim 1 wherein said liquid sample is 
provided as output from a capillary electrochromatographic 
device . 

19. The method of claim 1 wherein said liquid sample is 
provided as output from a liquid chromatographic device. 

20. A method of high throughput introduction of multiple 
samples into a mass spectrometer, said method comprising the 
steps of: 

providing multiple liquid samples; 

providing a mass spectrometer, the source chamber of 
said mass spectrometer being maintained at subatmospheric 
pressure, said source chamber comprising a movable sample 
receptor; 

introducing said multiple samples simultaneously, 
through a multiple channeled infusion device into said source 
chamber; 

simultaneously depositing said multiple samples directly 
from said multiple channeled infusion device onto a surface 
of said sample receptor, individual samples from said 
multiple samples being deposited individually; 

causing said surface to move so that said deposited 
individual samples from said multiple samples are accessible 
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to a desorption device spaced apart from said infusion 
capillary; and 

desorbing a portion of each said deposited sample 
sequentially from said surface of said sample receptor, using 
said desorption device. 

21. A method of preparing a sample for analysis, said method 
comprising the steps of: 

providing a sampler- 
introducing said sample through an infusion capillary 

into a deposition chamber, said deposition chamber being 

maintained at subatmospheric pressure; and 

depositing said sample directly from said capillary onto 

a sample receptor surface. 

22. The method of claim 21, further comprising placing said 
deposited sample in the source chamber of a mass 
spectrometer, said source chamber being maintained at 
subatmospheric pressure. 

23 . A sample load mechanism for a mass spectrometer 
comprising 

an infusion capillary, said capillary having an entrance 
end and an exit end, said capillary being supported in a 
capillary holder; 

an interface flange at the orifice of a mass 
spectrometer, said interface flange positioning said 
capillary holder so that the exit end of said capillary is 
inside the source chamber of said mass spectrometer; and 

a movable sample receptor, said sample receptor being 
supported in a receptor holder inside said source chamber, 
wherein the exit end of said infusion capillary is 
positioned, in relationship to a surface of said movable 
sample receptor, so as to deposit a sample being introduced 
into said mass spectrometer directly onto said receptor, and 
wherein further said movable sample receptor is capable of 



wo 98/53308 



PCT/US98/10537 



-42- 

moving a sample deposited on said surface into a position 
accessible to a desorption device, 

24. A sample load mechanism for a mass spectrometer 
comprising 

a multiple channeled infusion device; 

an interface flange at the orifice of a mass 
spectrometer, said interface flange positioning said multiple 
channeled infusion device so that the exit ends of the 
channels of said multiple channeled infusion device are 
inside the source chamber of said mass spectrometer; and 

a movable sample receptor, said sample receptor being 
supported in a receptor holder inside said source chamber, 
wherein the exit ends of the channels of said' multiple 
channeled infusion device are positioned, in relationship to 
a surface of said movable sample receptor, so as to deposit 
simultaneously multiple samples being introduced into said 
mass spectrometer directly onto said receptor, and wherein 
further said movable sample receptor is capable of moving 
samples deposited on said surface into positions accessible 
to a desorption device. 

25. The sample load mechanism of claim 23 wherein said 
infusion capillary ends in a tapered tip. 

26. The sample load mechanism of claim 24 wherein the exit 
ends of the channels of said multiple channeled infusion 
device are tapered. 

27. The sample load mechanism of claim 23 or claim 24 
wherein said sample receptor is selected from the group 
consisting of a wheel, a disk and a belt. 

28. The sample load mechanism of claim 23 or claim 24 
wherein said sample receptor comprises a removable cassette. 
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29. The sample load mechanism of claim 23 wherein multiple 
infusion capillaries are supported in said capillary holder 
and wherein further said multiple capillaries are positioned 
so as to deposit multiple samples directly onto said 

5 receptor. 

30. The sample load mechanism of claim 24 wherein said 
multiple channeled infusion device comprises a capillary 
array. 

0 

31. The sample load mechanism of claim 24 wherein said 
multiple channeled infusion device comprises a 
microfabricated device. 



15 



wo 98/53308 



PCT/US98/10537 



1/15 




wo 98/53308 



PCTAJS98/10537 



2/15 




repeller plate 



FIG. IB 



/ 
/ 
/ 
/ 




wo 98/53308 



PCTAJS98/10537 



3/15 

( 



Perpendicularly-cut capillary tip 




FIG. 2C 
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